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Monday, February 27, 2012 369aattachment affect the efficiency of force transfer onto the filament, which in
turn results in fluctuations of the gliding velocity as shown theoretically by Se-
kimoto and Tawada [1]. The theory establishes a relationship between the mo-
tional diffusion coefficient, the gliding velocity, the motor density, and a factor
capturing the angular variations in the motor attachment. We present measure-
ments of the motional diffusion coefficient for microtubules gliding on full-
length kinesin-1 with known surface density. Measurements at varying ATP
concentrations and kinesin surface densities enable, for the first time, measure-
ments of the geometry factor. The implications of these measurements for the
underlying motor attachment geometry as well as the efficiency of force gen-
eration by coupled motors will be discussed.
1. Sekimoto, K.; Tawada, K. Phys Rev Lett 1995, 75, (1), 180-183.
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Novel Optical Trapping Methodology Reveals Cooperative Function of
Kinesin Motors on Cellular Organelles
Pradeep Kumar Barak, Ashim Rai, Roop Mallik.
Tata Institute of Fundamental Research, Mumbai, India.
Optical trap force measurements give a precise readout of how motor proteins
function against a calibrated load. To understand how motors work inside cells,
optical trapping must be extended to motors transporting real cellular organ-
elles. However, the size of organelles in a cell is variable and unknown. To
date, it has not been possible to precisely calculate the force exerted by an op-
tical trap on single cellular organelles.
We have reconstituted robust kinesin-driven in vitro motility of lipid droplets in
a cell extract of mammalian liver. A new method of optical trapping is then
used to calibrate the optical trap precisely for every single lipid droplet, irre-
spective of its size. We have measured and analyzed the cooperative function
of multiple endogenously assembled kinesins against a calibrated load-force
with precision and spatio-temporal resolution comparable to kinesin-coated
beads.
Our method of force measurement makes accessible for experimental scrutiny
a whole new range of physiologically important questions: How much force do
motors exert on cellular cargoes? How are motors assembled on the cargo
membrane? What is the emergent function of such motor-assemblies? Do mul-
tiple motors compete or cooperate? How do motor-associated regulatory pro-
teins fine tune this process? How does emergent function of kinesins differ
from dyneins? Our work will answer some of these questions.
Finally, our method of force measurement provides for the first time an ability
to biophysically interrogate how motors may regulate storage and lipolysis of
cytosolic fat in mammals. This may further our understanding of diseases re-
lated to (mis)management of fat.
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Nanometer Precision in Filament Localization allows for Precise Off-Axis
Tracking of Molecular Motors
Felix Ruhnow1,2, David Zwicker3, Stefan Diez1,2.
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Measuring the exact path of molecular motors, such as cytoskeletal motor pro-
teins, on their tracks has proven to be difficult without knowing the precise lo-
cation of the filaments. Up to now, off-axis stepping has therefore mostly been
inferred from the tracked positions of the motors with respect to the fitted path
of the motors instead of determining the filament centerline. Obviously, this
limits the precision of the measurements and may lead to errors due to the
sometimes complex three-dimensional structure of the filaments. We devel-
oped a filament tracking algorithm to determine the centerline position of fluo-
rescently labeled filaments with nanometer precision. This allowed us to
observe the non-parallel movement of kinesin-1 motors with respect to the mi-
crotubule centerline, which is consistent with kinesin-1 following a protofila-
ment of a supertwisted microtubule. Combined with methods to measure
nanometer heights above substrate surfaces, such as fluorescence interference
contrast or parallax, our algorithm presents a promising tool for optical 3D-
nanometry.
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Effect of Charge on Autoinhibition of Kinesin-1
David D. Hackney, Young Yeo, James Hopkins.
Carnegie Mellon Univ., Pittsburgh, PA, USA.
Kinesin-1 is autoinhibited at physiological salt concentrations through an inhib-
itory interaction of C-terminal tail domains with the N-terminal motor (head)
domains. This interaction of heads with the tail is highly dependent on the ionic
strength, with high ionic strength strongly favoring dissociation. Unexpectedlythe binding stoichiometry is one tail peptide binding to the two heads of a motor
domain dimer, as originally indicated by biochemical titrations and recently
confirmed by the determination of the structure of a head dimer - tail complex
by X-ray crystallography (Kaan, et al., Science 333, 832 (2011)). A short region
of the tail centered on lysine-944 (the IAK region) is sufficient for binding of
a single tail to two heads. However, the binding affinity of this short region
on its own is low. Tight binding of the tail to the heads requires the inclusion
of an adjacent region with a large excess of positive charge. This positive re-
gion is designated the auxiliary binding site (ABS) because it is also responsi-
ble for the nucleotide-independent binding to the tail to microtubules. Kinesin
motor domains have several negatively charged side chains near where the
heads are cross linked by the tail domain. Mutation of these negative head res-
idues to Ala decreases the affinity for heads of tail domains that contain both the
ABS and the IAK region. This suggests that the increased affinity produced by
the ABS region is due to interactions with these negative regions of the heads.
Supported by NIH grant NS058848.
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Biochemical Characterization of the Rice Kinesin O12 and N14 Belonging
to Kinesin-14 Family
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Kinesin is an ATP driven motor protein that plays important physiological roles
in intracellular transport, mitosis and meiosis, control of microtubule dynamics
and signal transduction. Kinesins derived from vertebrate have been well stud-
ied on their characterization. However, not so many studies for kinesins of
plants have been done yet. Recently, the genome sequences of rice were com-
pleted. Bioinformatics analyses revealed that at least 41 kinesin-related pro-
teins were encoded on the rice genome. In this study, we focused on the two
rice kinesins; O12 and N14 that belong to kinesin-14 family. Previously, we
have expressed the novel rice kinesin O12 by E.coli. Biochemical studies of
the O12 motor domain demonstrated that O12 has very unique properties,
which may reflect the plant specific physiological role. We have also succeeded
to express another rice specific kinesins N14. O12 is the C-terminal motor do-
main. On the other hand, the motor domains of N14 are found at the central re-
gion in the primary structure. The biochemical characterizations of the kinesin
N14 motor were studied. ATPase activities and interaction with fluorescent
ATP analogues, NBD-ATP were analyzed and compared with other rice kine-
sins and conventional mouse kinesin. Interestingly, microtubule-dependent
steady state ATPase activity of N14 motor domain was extremely lower than
that of other kinesins. Kinetic analyses using stopped-flow also demonstrated
that ATP binding to N14 in the presence of microtubule was extremely slow
in comparison with other kinesins. It is suggested that the rice kinesin N14
may have unique enzymatic properties that are obviously different from O12.
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A Universal Pathway for Kinesin Stepping
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Kinesin-1 is a processive motor that transports cargo along microtubules by hy-
drolyzing ATP in a tightly regulated stepping cycle. Efficient gating mecha-
nisms ensure that the sequence of kinetic events proceeds in proper order,
generating a large number of successive reaction cycles. To study gating, we
created two mutant constructs with extended neck linkers and measured their
properties using both single-molecule optical trapping and ensemble fluores-
cence techniques. Due to a reduction in the inter-head tension, the constructs
can access an otherwise rarely populated conformational state where both mo-
tor heads remain bound to the microtubule. ATP-dependent, processive back-
stepping and futile hydrolysis were observed under moderate hindering
loads. Based on measurements, we formulated a comprehensive model for ki-
nesin motion that incorporates reaction pathways for both forward and back-
ward stepping. In addition to intramolecular strain, we find that neck-linker
orientation is also responsible for ensuring gating in kinesin-1.
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In Vitro Study of the Direct Effect of Microtubule Acetylation and Detyr-
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Neha Kaul, Virupakshi Soppina, Kristen J. Verhey, Edgar Meyhofer.
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Kinesin-1 is a processive, plus end-directed motor that is a major component of
microtubule-based intracellular transport. It has been previously shown through
in vivo studies that kinesin-1 preferentially translocates along certain subsets of
370a Monday, February 27, 2012microtubules, which are marked with specific posttranslational modifications
(PTMs). We hypothesize that PTMs of tubulin directly influence the interaction
of kinesin-1 with microtubules. In our previous work, we concluded that
kinesin-1 could not identify the enzymatic addition or removal of acetylation
to K40 of a-tubulin since this modification did not directly affect its in vitro
motility properties. In vivo, PTMs are rarely found in isolation of one another.
In fact, there is an extensive overlap between acetylated and detyrosinated mi-
crotubules in vivo. Therefore we set out to directly test the influence of
detyrosination on kinesin-1 motility. To obtain populations of tyrosinated
and detyrosinated tubulin, we purified 99.5% tyrosinated tubulin from HeLa
cells which was then used to generate detyrosinated microtubules by in vitro
treatment with carboxypeptidase A. In order to examine the effect of microtu-
bule detyrosination on kinesin -based transport, we characterized the single
molecule motility properties of fluorescently labeled kinesin-1 on tyrosinated
and detyrosinated microtubules using Total Internal Reflection Fluorescence
(TIRF) microscopy. We observed that kinesin-1 shows enhanced binding to
detyrosinated microtubules resulting in a marked difference in motility for
the modified microtubules when compared with tyrosinated microtubules.
Our results suggest that the exposure of a negatively charged glutamate residue
upon detyrosination increases the electrostatic binding between the kinesin
motor and the microtubule. We conclude that the kinesin-1 shows enhanced
binding to detyrosinated microtubules and this may be an important molecular
event underpinning the preferential transport by kinesin-1 observed in vivo.
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The means by which the neuron regulates axonal transport of cargo remains an
open field for study. Recent experiments examining Huntington’s disease (HD)
have revealed a molecular basis underlying fast axonal transport deficits char-
acteristic of HD. This mechanism involves activation of JNK3 and JNK3-
mediated phosphorylation of the kinesin-1 heavy chain (KHC) at serine 176.
We have generated a phosphomimetic KHC construct (S176D) to characterize
the effects phosphorylation has on kinesin’s ability to translocate along micro-
tubules. Using total internal reflection florescence (TIRF) microscopy, we have
measured a dramatic reduction in the processive run length of S176D, as com-
pared to the unphosphorylatable variant S176A. While this observation reveals
a mechanism by which neurons control anterograde trafficking, it also suggests
a mechanism for tuning the bidirectional transport of vesicles by kinesin and
dynein.
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Intra-cellular transport via the microtubule motors kinesin and dynein plays an
important role in maintaining cell structure and function. Often, multiple kine-
sin or dynein motors move the same cargo. Their collective function depends
critically on the single motors’ detachment kinetics under load. Single Kine-
sin’s and Dynein’s super-force off rates have been measured using an
optical-trap based method. We rapidly increased the force on a moving bead
and measured the time to detachment. From such events, detachment time dis-
tributions for specific super-force values have been measured. In contrast to
a possible constant off-rate kinesin has an off-rate increasing with force. At
low loads, dynein is sensitive to load; detaching easily but at higher load it ex-
hibited a catch-bond type behavior, with off rate decreasing with load. The
super-force experiments also allowed us to determine the probability of back-
ward stepping for the motors. Kinesin and dynein can back-step under load, but
this was relatively rare in both directions (<20%), and the typical backward
travel distance was short.
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University, Pullman, WA, USA.Eg5 is a homotetrameric kinesin-5 motor protein that generates outward force
on the overlapping, antiparallel microtubules (MTs) of the mitotic spindle.
Upon binding a MT, an Eg5 dimer releases one ADP molecule, undergoes
a slow (~0.5 s-1) isomerization, and finally releases a second ADP, adopting
a tightly MT-bound, nucleotide-free (APO) conformation. This conformation
precedes ATP binding and stepping. Here, we use mutagenesis, steady-state
and presteady-state kinetics, motility assays, and electron paramagnetic reso-
nance (EPR) spectroscopy to examine Eg5 monomers and dimers as they
bind MTs and initiate stepping. We demonstrate that a critical element of
Eg5, loop 5 (L5), accelerates ADP release during the initial MT-binding event.
Furthermore, our EPR data show that L5 mediates the slow isomerization by
preventing Eg5 dimer heads from binding the MT until they release ADP.
Finally, we find that Eg5 having a 7-residue deletion within L5 can still hydro-
lyze ATP and move along MTs, suggesting that L5 is not required to accelerate
subsequent steps of the motor along the MT. Taken together, these properties of
L5 completely explain the kinetic effects of L5-directed inhibition on Eg5
activity and may direct further interventions targeting Eg5 activity.
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Incorporation of Photochromic Molecule into the Functional Loop L5 of
Kinesin for the Purpose of Photo-Regulation
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ATP driven molecular motor kinesin has several unique loops, which may de-
termine the characteristic properties of kinesin. L5 is one of the unique loops
locates in the vicinity of ATP binding site. We have previously demonstrated
that the point mutations in the loop drastically affect ATPase activity. More-
over, it seems that the plus-end directed kinesins have longer L5 loop than
that of minus-end directed kinesins. Therefore, the loop may determine the di-
rectionality of kinesin. Rice plant kinesin K16 has much shorter L5 than that of
conventional kinesin. We have prepared the K16 mutant Q101C and H102C
that have a single reactive cysteine reside in the L5. SH group reactive photo-
chromic molecule composed of azobenzene derivative, N- (4-phenylazo-
phenyl) maleimide (PAM) was incorporated into the cysteine residue in L5
to induce conformational change of L5 by ultraviolet (UV) and visible (VIS)
light irradiation. The kinesin modified by PAM slightly altered the ATPase
activity by UV and VIS light irradiation reversibly. We have also focused on
the mitotic kinesin Eg5 that has an unusually elongated L5. It is known that
the L5 of Eg5 has an important role to stabilize sterically its specific inhibitors
(monastrol, STLC) that bind to the pocket near the ATPase site. We designed
Eg5 mutants, E116C, E118C, D130C, A133C and Y125C to introduce photo-
chromic molecule into the L5 of Eg5. The Effect of photoisomerization of azo-
benzene derivatives incorporated into L5 upon UV-VIS light irradiation for the
inhibition of ATPase activity by monastrol or STLC was studied.
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Characterization of the Microtubules Modified with Photochromic
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Previously we have introduced photochromic molecules into the functional re-
gion of kinesin and succeeded to regulate the ATPase activity of kinesin revers-
ibly by light irradiation. However, the regulation efficiency of the ATPase
activity was not significant. It is well known that the contraction of skeletal
muscle is regulated by calcium binding to the rail protein actin filament. The
regulating system achieves high efficient switching. Therefore, it is expected
that introducing artificial switching system into the rail protein microtubules
enables high efficient regulation of kinesin motor activity. In this study, we
tried to introduce photochromic molecules into the microtubules to regulate
kinesin movement. First we modified the microtubules composed of wild
type tubulin and measured gliding speed for kinesin using invitro motility assay
under UV or VIS light irradiation, respectively. Gliding speeds of the microtu-
bules modified with 4-phenylazophenyl maleimide (PAM) or 3,3-dimethyl-6’-
nitro 1-[2- [3-(3- pyrroline 2,5-dion) 1-yl] propanoyloxy] ethylindoline
2-spiro-2’ (2H)- chromene (MASP) were almost identical to intact microtu-
bules and also were not influenced by UV or VIS light irradiation. This result
suggested that that these photochromic molecules incorporated into intrinsic
reactive cysteine residues on the surface of microtubules did not affect kinesin
motor activity. Subsequently, we prepared the 4 types of a-tubulin mutants
(V406C, V410C, M414C, G417C), which have additional cysteine residues
in the kinesin binding region. Microtubule concentration dependent kinesin
ATPase activity for the mutant microtubules, V406C, V410C and M414
showed almost similar values to that of WT microtubules. On the other hand,
ATPase activity for G417C mutant microtubule drastically decreased. The
